Background: Human growth is traditionally envisaged as a target-seeking process regulated by genes, nutrition, health, and the state of an individual's social and economic environment; it is believed that under optimal physical conditions, an individual will achieve his or her full genetic potential. Methods: Using a panel data set on individual height increments, we suggest a statistical modeling approach that characterizes growth as first-order trend stationary and allows for controlling individual growth tempo via observable measures of individual maturity. A Bayesian framework and corresponding Markov-chain Monte Carlo techniques allowing for a conceptually stringent treatment of missing values are adapted for parameter estimation. results: The model provides evidence for the adjustment of the individual growth rate toward average height of the population. conclusion: The increase in adult body height during the past 150 y has been explained by the steady improvement of living conditions that are now being considered to have reached an optimum in Western societies. The current investigation questions the notion that the traditional concept in the understanding of this target-seeking process is sufficient. We consider an additional regulator that possibly points at community-based target seeking in growth.
i n the 1960s, Tanner (1) inaugurated the idea of growth as a target-seeking process regulated by genes, nutrition, health, and the state of an individual's social and economic environment: optimal conditions are expected to result in the achievement of a person's full genetic potential. The idea fathered considerable efforts in social, economic, and demographic history and produced evidence for interactions among living conditions, technology, economy, and average body height (2, 3) . Although the steady improvement of living conditions provided good arguments for the increase of height in recent European history, it failed to explain why adolescent height converges toward the average of the population. Height tends to cluster. The within-population variation of height is narrow. This is particularly evident when analyzing height distributions at different moments in history.
In the nineteenth century, people were short. Analyzing data sets on conscripts providing a complete representation of a population under consideration, including those considered fit for military service and those who are not drafted, reveals that in 1863, the average Dutch conscript reached 165 cm (4) , and <1% of these conscripts reached 184 cm, the mean body height of modern Dutch men (5) . Thirty percent of the historic conscripts failed to reach 157 cm. This is peculiar. Common sense might expect at least a few affluent, well-fed, healthy 19th-century adolescents to achieve modern height; and vice versa, we might expect at least a few malnourished, chronically-ill, and underprivileged modern subjects to remain below the mid-nineteenth century's 30% quantile. But this is not the case. Height distributions of European conscripts tended to shift in toto, with surprisingly little overlap between historic and modern height. Figure 1 exemplifies five cohorts, all from Switzerland (6) . Although these cohorts share the same genetic pool, they are physically segregated by up to 130 y. In the late nineteenth century, height clustered around 163.3 cm; modern height clusters around 178.2 cm. No historic conscript reached the modern 90th percentile of height, and <3% of the modern conscripts are shorter than the nineteenth-century average.
The forces that drive secular trends in height do not appear to be equally distributed throughout childhood and adolescence. Much of the secular height gain since the end of the nineteenth century is due to an enhancement of adolescent height gain. We will give a representative example.
In 1893, Camerer (7) performed a growth study in German children and adolescents from birth to 18 y. In those days, children appeared shorter than today, but they developed at slower pace. The adolescent growth spurt was retarded by almost 2 y as compared with modern growth as exemplified by the modern study published in 2011 (8) . The apparent shortness of the young age cohorts was largely due to the delay in developmental tempo, leading to increasing differences in height between the historic and the modern study, from 1.6 cm at the age of 1.0 y to 3.2 cm at the age of 2 y, to 5.6 cm at the age of 4 y, and to a maximum of 16.3 cm at the age of 14.5 y. Figure 2 illustrates body height of boys measured in 1893 (solid line) and 2011 (dashed line). Age is given as calendar age. Height differences increase with calendar age. Mapping peak height velocity of the two cohorts and thus superimposing the same developmental tempo shows that "tempo-adjusted" height differs
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Articles to a lesser extent. Figure 3 illustrates age as biological age (tempo-adjusted age). Height differences are small throughout childhood but markedly increase during adolescence. In fact, "tempo-adjusted" children in 1893 were almost as tall as modern children. The differences in final height are due to differences in adolescent height gain. Adolescent growth was blunted in the 1893 sample.
Who sets the target for final height? Which mechanisms direct height? Why was adolescent height gain in the late 19th century so mingy? Was it nutrition? Was it health? Was it the socioeconomic situation? Why were the wealthy Europeans of the mid-nineteenth century shorter than any poor modern descendent? Why is the migrant child short but catches up in the new surroundings? These questions matter. Physical growth and attained body height belong to the most delicate biological parameters for estimating health and economic prosperity in developing countries; they are of major importance for everyday pediatric decisions.
Finally, we ask the most exciting questions: what mechanism counteracts height scattering in young adults and keeps individual height so close to average height? Why were the wealthy subjects in the late nineteenth century closer to the late nineteenthcentury average height and even shorter than the underprivileged subjects of today? While having no final answers to these questions, we started to question the traditional role of nutrition, health, and a comfortable social and economic environment for the achievement of a person's full genetic growth potential.
This article suggests a statistical modeling approach incorporating manifold determinants of human growth. The suggested model framework addresses three analytical problems in auxology. First, it allows for testing the hypothesis about ecological determinants of growth variation; second, the developed estimation methodology accounts for missing values via data augmentation; and third, it models serial correlation in growth measurements. Individual growth increments are thereby characterized as time and individual specific. Moreover, individual characteristics of maturity in terms of reached Tanner stages, as well as individual bone age as a proxy of developmental tempo, are incorporated as growth determinants. In addition, individual annual height increments are considered to depend on past height increments in order to capture measurement errors or recapture effects due to individual developmental tempo. Beyond all these variables, the statistical characterization is enriched by an additional factor influencing individual growth, i.e., past deviation from mean Articles Aßmann and Hermanussen height. This further factor seems to be essential for the correct characterization of the statistical properties of the growth process. We expect that the smaller the adolescent is compared with past mean average height, the more the adolescent grows during puberty. However, a substantive interpretation is only possible conditional on the assumed time trending behavior of body height. We suggest interpreting the statistical characterization as a backward-looking mechanism, in which an individual's growth depends on his/her past relative height position. We are aware of the fact that this interpretation is a nontestable implication of our statistical modeling approach.
RESULTS
In the following sections, we discuss the results of the preferred model specification (see Methods) according to the conducted robustness checks. Comparative analysis of alternative time trending specifications based on the marginal likelihood suggests characterizing height increments statistically best as first-order trend stationary (see Supplementary Appendix S1 online for details). Parameter estimates and corresponding highest-density intervals are given in Tables 1 and 2 
indicates that an association exists between subsequent annual height increments. The model parameters γ t t T { } = 9 indicate the association between tempo of maturation assessed in terms of bone age and growth. Those who mature at accelerated tempo grow faster and appear to be tall among their age-mates before puberty, but thereafter, they grow less and reach final height earlier. Those who mature at delayed tempo grow at a slower rate and temporarily appear to be short among their age-mates. In line with common practice, we captured the tempo of maturation by bone age and by the state of pubertal maturation (9) . Table 2 lists data about the corresponding parameter estimates capturing the influence of reached Tanner stages on individual height.
To assess the importance of the considered additional factor, which we suggest labeling as "backward-looking mechanism, " we compared three different specifications differing with respect to the set of variables controlling for tempo. The first specification includes all tempo control variables and the suggested additional variables s it , t = 9, …, T aiming at capturing the dynamic stochastic properties of height increments. The second specification drops the variables s it , t = 9, …, T, whereas the third specification checks the evidence of the model, when bone ages z it , t = 9, …, T are omitted as an explaining factor for individual tempo differences. By comparing these three different model specifications, insight is gained into the ability of the different variables to contribute to the explanation of individual height increments. The corresponding marginal likelihoods indicate that the model specification comprising both the bone age and the "backward-looking mechanism" is preferred strongly against the two alternative specifications, for both boys and girls. Furthermore, by comparison with the specification incorporating only bone age, it is evident that the "backward-looking mechanism" provides clearly additional explanatory power (Table 3) . Given our measures against the possibility of spurious significance of the "backward-looking mechanism, " i.e., the statistical artifact of regression to the mean, this at least allows us to conclude that this additional factor indeed controls not only for individual tempo differences but also is an essential part of the statistical characterization of height increments. Alternatively, one could argue that the parameter set κ t t T { } = 9 is at least an alternative tempo control measure enhancing the performance of the empirical growth model. Detailed results for the set of parameters κ t t T { } = 9 for boys and girls are provided in Table 2 , lower part.
In early puberty, the parameter κ t governing the influence of past relative height, s it , is positive and adds to the height variation within a population. Those who are tall become taller, and those who are short, will further drop back in height. Thereafter, however, the influence becomes negative, which thus confirms our expectations. The parameter set κ t t T { } = 9 captures the relationship between an individual's height increment and the difference between his/her height and average height of the community in the last period. We suggest thinking of this as an mechanism in which adolescents perceive height in relation to height of their peers.
DISCUSSION
Malnourished children are short, ill children are short, and children from low socioeconomic background tend to be short. Improvements in nutrition, public health, and the social and economic environment, i.e., improving living conditions, have abundantly been demonstrated to result in the improvement of child and adolescent growth and final height (2, 3) . Yet the nutritional effect on growth appears to be restricted to developmental tempo (10) . Even longstanding starvation has little or no effect on final height, as exemplified by war cohorts of Oslo schoolchildren. They starved for several years and were short during adolescence but completely caught up with those cohorts who matured before the political catastrophe and reached an adequate final height (11) . Similar observations were reported from German children and adolescents during and after World War II (12) . Moreover, chronic illnesses often appear to exert little effects on final height. Short stature in cystic fibrosis results from tempo deceleration (13) . Cystic fibrosis patients grow poorly at all ages (they have suboptimal peak height velocity and late pubertal growth, influenced by disease severity) but eventually achieve normal final height. Wiedemann et al. (14) stated that in a group of 4,306 cystic fibrosis patients, the initially low height z-scores increased with age, and normal means for height were reached in the adult age group. Children from low socioeconomic background tend to be short. Moreover, the few affluent, well-fed, healthy sons and daughters of the wealthy nineteenth-century merchants, senators, and other burghers remained short. Figure 1 illustrates two historic Swiss conscript cohorts that cluster around the average. Clustering of height is also obvious in migrants. Maya 
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American children born in families from Guatemala who migrated to the United States are 11.54 cm taller than Maya children living in Guatemala. Migrant height distribution shifts in toto (15) and clusters near the new US target. Taken together, these findings have prompted us to search for other mechanisms that might regulate growth in the adolescent and lead to the narrowing in height variation mentioned. We incorporate an additional "backward-looking mechanism" in growth conceptualized as an interaction between the difference between past average height of a group and individual height and individual height increments. We suggest that this mechanism may capture the observed height scattering within an individual's social habitat and would like to point to the possibility of a "community-based target" in height. We are well aware that our modeling may just have pointed out a further necessary and easily available control for individual tempo when modeling height increments. However, the documented additional factor may also possibly modulate long-term patterns of growth. Measurements in schoolchildren (11, 12) and in conscripts indicate that adolescent cohorts, regardless of whether they grew up under fortunate circumstances or during war, illness, and starvation, aim for that height that smoothly fits into the population. The starved, unhealthy, and socially disadvantaged cohorts do not differ from those who grew up under fortunate circumstances. The idea that tall communities generate tall people even in the presence of unfortunate living 
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Articles conditions has major impact with respect to the interpretation of child and adolescent height for public health issues and the making of medical decisions. Being short may not necessarily be an indicator of poor nutrition, poor health, or poor socioeconomic background; it may simply indicate that the group to be identified with is short. Establishing this sort of mechanism solidly would require details that are probably not available in any study performed to date. Although communitylevel effects could be explained, e.g., by intragroup dynamics related to nutrition and activity levels, the corresponding necessary methodological challenges are beyond the scope of this article. We are aware of the fact that we are unable to provide satisfying explanations or biochemical pathways that might drive this mechanism. We may speculate that growth hormone (GH) and insulin-like growth factor-1 (IGF-1) are involved. GH determines growth predominantly via IGF-1. GH is related with emotions. Nonorganic failure to thrive has long been associated with neuroendocrine disturbances (16) . It is known that GH is deregulated in childhood depression (17) . In the case of exogenous administration, GH increases height even in children without GH deficiency (e.g., ref. 18), with IGF-1 being a potent mediator of this effect. GH and in sequela IGF-1 are potent growth promoters. At present, one might consider these endocrine factors the most promising candidates in this scenario. Yet at present, only few studies deal with the association between social rank and IGF-1. Kumari et al. (19) examined the association of IGF-1 with social position measured by father's or own occupational class in a cohort of individuals born in 1 mo in 1958 (n = 3,374 men and 3,302 women). They found lower IGF-1 levels in participants with lower social position. Sapolsky and Spencer (20) related social rank and IGF-1 concentrations in male baboons. Social subordinance was associated with a relative suppression of IGF-1 concentrations. They suggested that the individual differences in IGF-1 profiles were a consequence, rather than a cause, of the rank difference. The magnitude of difference in IGF-1 levels among baboons of differing ranks was considered to be of physiological significance.
Conclusion
This investigation provides strong evidence for a statistical representation adding past relative height to existing controls of individual developmental tempo such as bone age and Tanner stages. The analysis provides strong statistical evidence for this factor. As one possible interpretation, we suggest interpreting this additional factor as a target-seeking mechanism for growth, in which final height is set by the community.
METHODS
Our statistical modeling approach is based on two basic observations: first, observed height results from annual height increments, which are characterized as individual and time specific. Second, individual height increments should be modeled conditional on observable maturity indicators, allowing for control of individual growth tempo. We analyzed longitudinal height data, based on measurements of height, weight, pubertal stage, and bone age, from 69 boys, 9-18 y, and 60 girls, 9-17 y (21) of the First Zurich Longitudinal Growth Study. The boys and girls were all of Swiss origin, and their parents lived in the city of Zurich or in its immediate vicinity, i.e., this sample was not obtained as a representative sample from a large population but originated from a single community. We suggest the following modeling framework, i.e. 2. Height increments of subsequent years may be related to each other: periods of accelerated growth may alternate with periods of slower growth, several growth spurts have been described during early and late childhood (22) , or periods of temporary growth arrests due to illness and starvation may be compensated by so-called "catch-up" growth (23) , and measurement errors may lead to a negative association of subsequent growth rates. We incorporated a term modeling autoregressive or "compensatory growth" captured by the parameter set b t t T { } =9 .
3. A child-specific term allows for all-time characteristics of a child such as familial tall or short stature captured by the parameter set
, conceptualized as a random effect with variance σ c 2 .
Tempo of maturation is a factor that determines the annual increment in height. The fast-maturing child may temporarily appear tall, will reach puberty early, but may lose his growth advantage in adulthood (24) .We expect thus a bimodal influence of the state of maturity: larger annual height increments before mid-adolescence in the fast-maturing individuals and smaller annual height increments thereafter; and we expect smaller annual height increments before mid-adolescence in the slow-maturing individuals and larger annual height increments thereafter. Our model accounts for the state of maturity, as it includes:
4. Skeletal maturation, conventionally named "bone age, " captured Note that the considered indicators of maturity comprise pubic hair maturity (boys and girls), breast maturity (girls), maturity of testes (boys), peak of height velocity (boys and girls), and time of menarche (girls). Each factor is measured using the Tanner stages, except for peak of height velocity and time of menarche. Each factor influences factors in two ways. The factors enter directly the growth Articles Aßmann and Hermanussen process as well in relation to mean time of the factors (and related Tanner stages) (for details, see Supplementary Appendix S1 online). The considered growth model thus includes well-known contributors to growth and height variation, including the two factors of maturity that pay reference to the variation in tempo. We suggest incorporating a further factor in order to provide a valid statistical characterization of annual height increments. As we create a timeand individual-specific factor that captures the scattering of individual height around the community average and assess the association between individual height and growth, and average height within the group, i.e. The parameters of the above-described model are estimated within a Bayesian approach using Markov-chain Monte Carlo methodology. A Bayesian approach allows a flexible handling of the missing values occurring within this data set and incorporates parameter uncertainty within the parameter estimates (see ref. 25 for a general review of the principles for Bayesian analysis). Parameter estimates are sample moments based on a sample from the posterior distribution of parameters. This sample is generated via iterative sampling from the full conditional distributions of appropriately chosen parameter blocks. Using the device of data augmentation proposed by Tanner and Wong (26) , the uncertainty of missing values is incorporated in sampling from the posterior parameter distribution and thus within-parameter estimation via additionally sampling from an approximate full conditional distribution of the missing values. Note that data augmentation facilitates analysis based on full conditional analysis based on complete data structures. Within the Bayesian framework model, comparison is then performed based on the marginal likelihood, allowing comparison of non-nested model specifications. The approach of Chib (27) , allowing calculation of the marginal likelihood on the log scale, is adapted to deal with missing data in the explaining variables (see Supplementary Appendix S1 online).
To check the validity of the suggesting modeling, we performed a twofold robustness check. In addition to checking the validity of the assumed first-order trend stationarity against alternative characterizations of the time trending behavior of height increments by means of the marginal likelihood, we compared the model fit for different sets of explaining variables, i.e., we checked the fit of the model with and without the factor s it and with and without the consideration of tempo controls. Note that approval for conducting this study, in which we reanalyzed anonymized data, was provided by the institutional review board of the University of Bamberg.
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EDITOR'S NOTE

